INTRODUCTION
Exactly what set of topics is supposed to go into the spectroscopy review talk seems to vary a bit from one lattice conference to the next. My de nition of the territory this year is masses, decay constants and wave functions for both the valence (quenched) approximation and full QCD. I will include glueballs but not hadrons containing heavy quarks and will restrict myself mainly to work done during the last year.
The spectroscopy of low lying quark states and glue states I think remains a critical part of the QCD. An unavoidable component of showing that QCD actually does explain the strong interactions is to show that it accounts for the masses of low lying hadrons. QCD has been assigned the homework problem of hadron spectroscopy just as early quantum mechanics was assigned to work on the spectrum of hydrogen and other light atoms. In addition, whatever algorithms can prove themselves in reproducing the known features of low lying spectroscopy can then be applied with greater con dence to extract predictions from QCD for things we do not know yet. The masses of the lightest glueballs, of course, are not known. A reliable lattice calculation of these numbers seems likely to be a required rst step toward the experimental identi cation of glueballs.
The overall picture of the present state of hadron spectroscopy is roughly as follows. For spectroscopy including quark-antiquark vacuum polarization, life is still pretty di cult. Calculations are restricted to fairly small statistical ensembles and comparatively large lattice spacing and quark mass. Signi cantly more machine power, perhaps a factor of 100 or more, or a real improvement in algorithms, are needed to get reliable estimates for the zero lattice spacing, in nite volume limits of most properties of light hadrons. For full QCD calculations and valence approximation calculations tuned to the same values of m =m , lattice spacing in physical units and lattice period in physical units, and with reasonably large lattice period, corresponding hadron masses, at the parameter values for which calculations have been done so far, agree within statistics. Full QCD and valence approximation calculations, with parameters tuned to agree at su ciently large volume, yield masses which disagree if the the lattice volume is then made much smaller. The di erence in volume dependence between full QCD and the valence approximation has been shown to be a consequence of the nonzero vacuum expectation value which occurs in full QCD for gauge loops closed around a space-direction lattice period. Except for very small lattices, these loops have zero expectation in the valence approximation.
For spectroscopy in the valence approximation, on the other hand, there are now calculations for Wilson quarks of masses and decay constants extrapolated to physical quark mass, zero lattice spacing and in nite volume. Ratios of several light hadron masses found in these limits differ from experiment by less than 6%, with statistical errors of 8% and less, and are statistically consistent with experiment. Although chiral perturbation theory suggests that the valence approximation will behave anomalously at sufciently small quark mass, it now appears that this problem would only disrupt the hadron mass ratios which have been calculated if they were evaluated at quark masses below the light quark masses. Valence approximation meson decay constants extrapolated to physical quark mass, zero lattice spacing and in nite volume fall typically about 15% below experiment. This underestimate ranges in signi cance from about 1 to 3 standard deviations. The valence approximation is expected, however, to be most reliable for quantities determined primarily by the low momentum behavior of the chromoelectric eld. Decay constants are proportional to the absolute square of meson wave functions at the origin and are thus sensitive to the high momentum behavior of the chromoelectric eld. A simple renormalization group estimate suggests that the error in the valence approximation's treatment of the high momentum behavior of the chromoelectric eld will lead to decay constants falling below those of the full theory.
Two independent, in nite volume, continuum limit valence approximation calculations have now also been reported for the scalar glueball mass. The two data sets agree within statistical errors before extrapolation, but the two groups extrapolate di erently to zero lattice spacing and get answers which are not quite consistent. The calculation with higher statistical weight, using about eight times as many con gurations, predicts a mass of 1740 70 MeV, favoring f 0 (1710) as the scalar glueball.
The subjects I am going to cover will be organized as follows:
1. At Lattice 92 the QCDPAX collaboration 1] presented calculations checking for high mass contamination in the values of hadron masses reported by several other groups. The lightest mass contributing to a propagator should be extracted from the propagator's fall o at asymptotically large time separations, and picks up high mass contamination from excited intermediate states if it is obtained at time separations which are too small. The value which QCDPAX found for the rho mass with Wilson quarks in the valence approximation using 200 gauge con gurations on a lattice 24 3 54 at of 6.0 and k of 0.1550 was 3 standard deviations below the value which the APE collaboration found at the same and k using 78 gauge con gurations on a lattice 24 3 32 2] . Both groups have now run new calculations with larger ensembles 3,4]. The new calculations of the rho mass are both in agreement with the QCDPAX value from Lattice 92.
The original disagreement appears to me to have been caused by a statistical uctuation in the rst APE ensemble. The uctuation caused the appearance of an e ective mass plateau at a somewhat smaller time separation and therefore with a somewhat larger mass value than occurs in the new data.
At Lattice 92 Ukawa 5] questioned whether high mass contamination might not be present in some of the masses which I discussed from calculations on GF11 6] . A comparison of masses found from propagators for several different choices of hadron sink operators, however, provides evidence that our numbers probably do not have signi cant high mass contamination. This subject will be discussed below in Sect. 4.1.
Volume Dependence
New data, extending earlier results 7], on the volume dependence of hadron masses in full QCD was presented by the MILC collaboration 8]. These calculations were done with full QCD for two avors of Kogut-Susskind fermions. A summary of the run parameters is shown in Table 1 . For the range of parameters examined, values of m N and m within 2% of their in nite volume limits required space direction lattice periods greater than about 2.5 fm. The volume dependence of hadron masses for m q a of 0.05 is shown in Figure 1 . Table 2 Parameters of runs by the Kyoto-Tsukuba collaboration, on lattices S 3 24 with m =m and m a in each case given for the largest lattice.
equal to the observed value of m K =m K .
Data on the volume dependence of valence approximation masses 9] and a comparison with the volume dependence of full QCD masses 10] was reported by the Kyoto-Tsukuba collaboration . The parameters of these runs are shown in Table 2. For the largest values of space direction period, the values of m =m and m a for the valence approximation run at m q a of 0.01 appear roughly comparable to those of the full QCD run at the same quark mass, and a similar approximate equality holds for the runs at m q a of 0.02. Data for full QCD and for the valence approximation with m q a of 0.01 is shown in Figure 2 . In the valence approximation, however, m , m and m N are found to approach their in nite volume values more rapidly than they do in full QCD. The origin of this di erence is shown to be related to the di erence between the behavior in full QCD and in the valence approximation of the variables P i , the trace of the product of gauge links closed around the lattice period in space direction i. The values of P i a ect the contribution to quark propagators of quark paths wrapping around the lattice period. In the valence approximation, for lattice periods larger than the inverse of the decon ning temperature, the familiar Z 3 symmetry of the QCD action without fermions prevents P i from acquiring a vacuum expectation value. In full QCD this symmetry is broken by the fermion terms in the action, and P i has a nonzero vacuum expectation value which falls continuously to zero as the lattice period becomes larger. By changing the boundary conditions of the fermions entering the action from periodic to antiperiodic, the sign of the vacuum expectation of P i can be changed.
The Kyoto-Tsukuba collaboration shows that this change causes hadron masses to go from decreasing with volume to increasing with volume. This result, along with similar information obtained varying the boundary conditions on the quarks entering hadron propagators, establishes that the di erence between the vacuum expectation of P i in the valence approximation and in the full theory accounts for the di erences in volume dependence.
The volume dependence in hadron masses in full QCD reported by the MILC collaboration and by the Kyoto-Tsukuba collaboration are consistent with each other. For all but the largest values of space direction lattice period, both data sets shown signi cantly stronger volume dependence than predicted by L uscher's rigorous asymptotic formula 11]. Both sets of results are consistent with the behavior 
Valence Approximation versus Full QCD
The valence approximation may be viewed as replacing the momentum-dependent color dielectric constant arising from quark-antiquark vacuum polarization with its zero-momentum limit 13]. This approximation might be expected to be fairly reliable for low-lying baryon and meson masses determined by the low momentum behavior of the chromoelectric eld.
Missing from the valence approximation, however, are couplings of vector mesons to their decay channels. For the spin-3/2 baryon multiplet, these couplings are present but altered from their values in full QCD 14] . A calculation by Leinweber and Cohen 15] attempts to estimate the e ect of this omission on m . These authors consider also the e ect of obtaining m by the linear extrapolation down to light quark masses of values of vector masses calculated with heavier quarks. Leinweber and Cohen use a simple local coupling between the rho and two pions, combined with a momentum cuto in the otherwise divergent pion loop integral entering the rho propagator. The cuto is intended to model the momentum dependence of the coupling between the rho and pions which, in the real world, would cause the loop integral to converge. The error in the valence approximation value for m arising from the missing loop combined with extrapolation from the range of quark masses used in Ref. 6] , is estimated to be between 0 and 25 MeV, thus less than 3%. For a linear extrapolation of the vector meson mass as a function of valence quark mass in full QCD, working from a quark mass interval extending upward from the point corresponding to a 500 MeV pion, the error arising from extrapolation alone is estimated to be 10 to 20 MeV.
A discussion in Ref. 6 ] of the extrapolation of hadron masses produces as a byproduct an additional piece of evidence suggesting that the coupling of light hadrons to decay channels has a relatively small e ect on their masses in full QCD and therefore gives rise to a relatively small error when omitted or altered in the valence approximation. Take the up and down quark masses to be equal, for simplicity, to a single normal quark mass, m n . Then expand the masses of Using these relations, the mass of the member of each multiplet containing no strange quarks can be obtained by linear extrapolation from the masses of the multiplet members containing one or more strange quark. Extrapolating from experimentally observed masses in this way requires only the quark content of each hadron involved and does not depend on the actual values of quark masses. These extrapolations are, essentially, just a reinterpretation of the Gell-MannOkubo mass formulas. Figure 3 shows extrapolations for the vector mesons, spin-1/2 baryons and spin-3/2 baryons. Leinweber and Cohen's calculation for full QCD may be viewed as an estimate of the error of the extrapolation for the vector multiplet. In place of their error value of 10 to 20 MeV, the error actually obtained applying this extrapolation to the mass data from experiment is 4 MeV, or about 0.5%. For the spin-1/2 baryon multiplet the error is +13 MeV, about 1.4%, and for the spin-3/2 baryon multiplet the error is +10 MeV, about 0.8%. In two of these multiplets, however, decay widths vary drastically among the strange hadrons to which the linear ts are made and are generally much smaller than the decay width of the nonstrange hadron whose mass is found by the extrapolation. In the vector meson multiplet, the rho width is 149 MeV, while the K and phi used to nd the rho mass have widths of 49.8 MeV and 4.4 MeV, respectively. The members of the spin-1/2 baryon multiplet are stable with respect to the strong interaction. In the spin-3/2 baryon multiplet, the has a width of about 115 MeV, while , and used to nd the mass have widths of 36 MeV, 10 MeV and 0 MeV, respectively. The does not decay by the strong interaction. It is hard to imagine how the masses of the broad rho and could be extrapolated so accurately from their strange partners, whose widths are much narrower and vary signi cantly, if hadron masses were altered by more than a percent or so by their decay widths.
Calculations of the di erence between the valence approximation and full QCD in the limit of small quark masses have been reported by Bernard and Golterman 16] and by Sharpe 17] . For hadrons composed of quarks which are suciently light, these authors show that chiral perturbation theory suggests the valence approximation will behave pathologically. As a consequence of the absence of vacuum polarization, the 0 mass goes to zero along with the pion mass as quark masses are made small. Virtual 0 loops become divergent at low momentum as the quark mass is made small and contribute additional logarithms of the quark mass not present in chiral perturbation theory for full QCD and not multiplied by as many powers of m as would occur in the full theory. For the behavior of the pion mass at small quark mass, which in full QCD is m 2 = cm q ; (3) Sharpe has summed a collection of such singular diagrams for the valence approximation and obtained m 2 = c 0 m
Here is a measure of the amplitude for the quark-antiquark pair in the 0 to annihilate into gluons. In full QCD becomes the mass of the 0 in the limit of zero quark mass and would be about 900 MeV. Using this estimate, along with 93 MeV for f , the value of becomes about 0.2.
There is, however, no reason to assume has the same value in full QCD and in the valence Table 3 Values of the parameter obtained from ts to data for the pion mass as a function of quark mass.
hadron mass ratios would be smaller than the statistical errors.
Labrenz and Sharpe 19] have also attempted to use chiral perturbation theory to estimate the e ect of the valence approximation on the nucleon mass, m N . While I believe that the basic idea of trying to use chiral perturbation theory to make such comparisons is very promising, the particular results which they presented in Dallas appear to me to be unconvincing. 
The extra a 00 m term arises from the same mechanism leading to Eq. (4), and the coe cient a 00 is proportional to . Our earlier discussion of suggests that the a 00 coe cient will be small.
Although it might seem that a comparison of Eqs. (6) and (7) could be used to estimate the error in valence approximation calculations of m N , it turns out this can not be done. One di culty is that Eq. (6) describes the variation of m N as both sea and valence quark masses are varied together, while Eq. (7) describes only the result of varying the valence quark mass with the sea quark mass kept xed. As the sea quark mass varies in full QCD, the e ective low-momentum gauge coupling varies, and therefore the gauge coupling to be put into the corresponding valence approximation must vary. Thus for each choice of m and m K in the full QCD relation Eq. (6), a different and a priori unknown value of a 0 must be used in the corresponding valence approximation relation Eq. (7). For lattice spacing su ciently small, a change in the gauge coupling entering the valence approximation causes a change in low lying hadron masses by a single overall scale factor. Thus the ratio of Eq. (7) to a corresponding equation for some other mass parameter, such as f , will be free of the scale factor and perhaps might be compared to the ratio of Eqs. (6) to an expression for f in full QCD.
A useful comparison for the ratio m N =f still can not be made. The di culty at this point is that the valence approximation chiral perturbation theory expression for m N =f depends on an unknown additive constant, comparable to a 0 in Eq. (7), giving the valence approximation to m N =f in the limit of zero quark mass. I know of no way to x this number from chiral perturbation theory. In the limit of very heavy m and m K , m N =f will become equal in full QCD and in the valence approximation. This limit, however, is beyond the range of applicability of chiral perturbation theory and provides no help in determining the missing parameter. One might try to determine the missing coe cient by a t to the data of Ref. 6] . Unfortunately, as mentioned already in the discussion of Eq. (4), this data does not appear to extend to su ciently small quark mass for the full apparatus of chiral perturbation theory to be applicable.
If, nonetheless, the expression of Eq. (7) is t- the valence approximation depends on unknown higher terms in the chiral lagrangians in both cases. With plausible guesses for these terms, Sharpe 20] obtains the result that this quantity in the valence approximation will be smaller than in full QCD by about 0.12. The calculation of Ref. 24] nds f K =f below its experimentally observed value by 0.06 (9) .
Still another method of calculating di erences between the valence approximation and full QCD has been considered by Hasenfratz and De- Grand 21] . These authors evaluate the e ective shift in chromoelectric charge arising from vacuum polarization due to heavy Kogut-Susskind quark-antiquark pairs in full QCD. For suciently heavy quarks, the determination of this change is reduced to evaluating the one loop quark-antiquark vacuum polarization term coupling two gluons in the weak-coupling expansion for lattice QCD. The resulting shift in is linear in the number of quark avors. The predicted is compared with Monte Carlo data for the difference between the critical c of the decon ning transition for QCD without quarks and c with a number of quarks ranging from 2 to 24. For lattices with time direction period ranging from 4 to 8, Figure 4 shows the predicted shift in comparison to Monte Carlo data. The overall agreement is quite good for m q a 0:05.
Wave Functions, State Vectors
I would like to mention brie y two recent pieces of work on hadron wave functions and state vectors. Kieu and Negele 22] have examined a Bethe-Salpeter wave function for the pion with quark and antiquark joined, in e ect, by the ground state chromoelectric eld con guration which would occur between a static color charge at the quark position and static anticolor charge at the antiquark position. They found that this wave function falls o with the quark-antiquark separation signi cantly more slowly than does the Coulomb gauge wave function. Thus for increasing quark-antiquark separation, a quarkantiquark pair joined by the ground state eld con guration becomes progressively closer to the true pion state vector than does a Coulomb gauge quark-antiquark pair.
Liu 23] has compared hadron masses calculated in the usual valence approximation with masses obtained in the valence approximation using a quark coupling matrix that allows quarks to propagate in only one direction of time. The state vector of a hadron in the usual valence approximation, Liu shows, at any instant may include quark-antiquark pairs in addition to the valence quarks. These pairs do not occur in hadrons composed of quarks which can propagate in only one time direction. As consequence of eliminating these pairs, Liu nds, the rho and pion become nearly degenerate and the nucleon and delta baryon become nearly degenerate. In addition to calculating pseudoscalar and vector masses with quark and antiquark masses equal, the UKQCD collaboration also found masses for mesons composed of a quark and antiquark with di erent masses. With this data a direct test can be made of Eq. (2) and the corresponding equation for the squares of pseudoscalar meson masses. Figure 5 shows a comparison of the masses of vector mesons composed of quark and antiquark with the same mass and the masses of vector mesons composed of quark and antiquark with di erent masses. The data strongly supports Eq. (2) . Corresponding data for pseudoscalar masses supports the version of Eq. (2) Table 4 . These calculations use the hybrid Monte Carlo algorithm. Hadron propagators were calculated for wall sources and either wall or point sinks, and in addition for Gaussian sources with either Gaussian or point sinks. The integrated autocorrelation time for the plaquette was found to be about 80 time units for the data at the heavier pion mass and 120 time units for the data at the lighter pion mass. An examination of the dispersion of pion e ective masses calculated from propagators averaged over bins gave roughly equivalent autocorrelation estimates. Thus the data collected at the larger pion mass consisted of perhaps 30 independent con gurations and the data with the smaller pion mass perhaps 10. 
Valence Approximation Zero Lattice
Spacing Limits 4.1. Masses
The rst systematic evaluation of the in nite volume continuum limit of hadron masses extrapolated to physical quark masses was reported this year by the GF11 collaboration 6]. Hadron masses were calculated with Wilson quarks on a set of four lattices. The parameters entering these calculations are listed in Table 4 .
Each con guration was xed into Coulomb gauge. In all cases, hadron propagators were then calculated using a Gaussian quark source with mean radius squared < r 2 > of 6 in lattice units, and using point sinks and Gaussian sinks with < r 2 > of 1.5, 6, 13.5, and 24. Hadron masses were tted to each channel by examining e ective mass plots and selecting the largest interval which might appear to be a plateau. An automatic t- ting program then did a t to each subwindow of four or more time slices within this region. The subwindow giving the smallest value of 2 per degree of freedom was selected as the nal t. Fits to each window were done by minimizing the t's correlated 2 among all data points tted. Fits were also done in this way simultaneously to the propagators for point sinks and Gaussian sinks with < r 2 > of 1.5 and 6. Error bars on all of these results were found by the bootstrap method.
A examination of e ective mass plots showed, in all cases, that the propagators for hadron sinks with larger < r 2 > reached plateaus at smaller time separations between source and sink and therefore coupled more weakly to excited states. Thus a comparison of masses tted to channels with di erent radii provided a test for the presence of high mass contamination. Typical effective mass plots and ts are shown in Figures 8, 9 and 10. These gures show the rho on 30 32 2 40 with k of 0.1532, for sinks with < r 2 > of 0, 6 and 24. Table 5 gives the masses obtained from these ts, along with masses from ts to sinks with < r 2 > of 1.5 and 13.5, and the mass from a simultaneous t to data with < r 2 > of 0 (point sinks), 1.5 and 6. The consistency of these results is evidence that the lowest mass has been picked out accurately in each channel. Similar results are obtained from propagators found on the other GF11 lattices listed in Table 4 . Thus the masses determined from these ts appear to be free of the high mass contamination which Ukawa 5] suggested might occur.
For each GF11 data set of Table 4 , the critical hopping constant k c was determined, as usual, by tting m 2 in lattice units to C (2k) 1 (2k c ) 1 ]. With quark mass m q then de ned as (2k) 1 (2k c ) 1 , hadron masses for a continuous range of quark masses were found by tting the Monte Carlo data to linear functions of quark mass. Figure 11 shows such ts to hadron masses at the three lightest values of m q for the lattice 30 32 2 40 at of 6.17. The masses were determined by simultaneous ts to propagators with sink < r 2 > of 0, 1.5 and 6. The up and down quark masses were then taken to be equal and given by the \normal" quark mass, m n , which was determined by tting the ratio of extrapo- Table 5 Fitted masses from the lattice 32 30 32 40 with k of 0.1532 . The continuum ratios found in nite volume were then corrected to in nite volume. After extrapolation to physical quark mass, hadron masses measured in units of m on the lattice 16 3 32 were compared with ratios on the lattice 24 3 32. The changes were all found to be less than 4:5%. Using either L uscher's formula 11] for the approach of masses to their in nite volume limit or the model of Ref. 10] , it can then 
The quantity needed is (1; 9m 1 ) . Based on the size of the change in m=m from of 5.7 to in nity and on the size of the change in this ratio from 24 3 32 to in nite volume, it is then argued 
to within an error of less than 2% of m=m . Innite volume continuum mass ratios were then found using Eq. (9). Table 6 lists continuum hadron mass ratios found in nite volume and after applying the in nite volume correction. The in nite volume numbers taken together are statistically consistent with experiment. The di erences between these numbers and experiment are less than 6%, ratio n. vol. inf. vol. obs. m K =m 1.149(9) 1.166 (16) Table 6 Calculated hadron mass ratios in comparison to observed. The mass di erence m is m +m m N . equivalent to less than 1.6 times the statistical error.
The value of (0) MS =m shown is obtained by extrapolation to zero lattice spacing of ( (0) 
Decay Constants
The rst evaluation of the in nite volume continuum limits of meson decay constants was reported by the GF11 group in Ref. 24] . The calculation used the same the data sets listed in Table 4. The ts to propagators and extrapolations to physical quark mass, zero lattice spacing and in nite volume were all done by versions of the methods used in the mass evaluation of Ref. 6]. Table 7 shows predicted results in comparison to experiment. The nite renormalizations factors in these numbers are found to one-loop order following the mean-eld improved perturbation expansion of Lepage Table 7 Calculated values of meson decay constants extrapolated to zero lattice spacing in nite volume, then corrected to in nite volume, compared with observed values.
that three of four decay constants range from 0.9 to 2.8 standard deviations below experiment, suggests that valence approximation decay constants may lie systematically somewhat below experiment. A simple physical argument supports this possibility 30]. The valence approximation can be thought of as the replacement of the momentum and frequency dependent color dielectric constant caused by quark-antiquark vacuum polarization with its low momentum limit 13]. At low momentum the e ective quark charge in the valence approximation agrees with the low momentum e ective charge of the full theory. The valence approximation could therefore be fairly reliable for low-lying baryon and meson masses if, as seems likely, these masses are determined largely by the long distance behavior of the chromoelectric eld. Due to the absence of dynamical quark-antiquark vacuum polarization, however, the quark charge in the valence approximation falls faster with momentum than it does in the full theory. As a result at short distance the attractive quark-antiquark potential in the valence approximation is weaker than in the full theory, and meson wave functions in the valence approximation are smaller at the origin less than in the full theory. Meson decay constants are proportional to the square of wave functions at the origin and thus should be to be smaller in the valence approximation than in the full theory.
Glueball Masses
An evaluation of the in nite volume, continuum limit of glueball masses was reported by a Liverpool-Wuppertal collaboration 32]. The lattice sizes, ensemble sizes and of the new calcu- 33] . Glueball operators were constructed by an iterative gauge invariant smearing process which, at each step, returns smeared links which have twice the length of the links taken as input 34]. For each time separation between source and sink operators, a matrix of correlation functions was found among the various operators carrying the same quantum numbers. The possible operators for each set of quantum numbers were made by summing together rotations of loops with the same shape. The maximal eigenvalue of this matrix was then extracted. The logarithm of the ratio of maximal eigenvalue at separation t to the maximal eigenvalue at separation t+1 de nes the e ective mass at separation t. By including a range of di erent shapes of loops in the set of operators, then maximizing the eigenvalue of the correlation matrix, combined operators were produced which appear to couple very e ciently to the lightest state in each channel. An comparison of e ective masses produced this way and with simpler choices of glueball operator suggests that simpler choices do not select out the lightest states as e ciently.
The nal mass value in each channel was found generally by looking for the smallest time separation giving an e ective mass statistically consistent with the e ective masses at larger time separation. Figure 15 shows e ective masses and the mass taken as the nal value for the 0 ++ glueball at of 6.4. In this case, the e ective mass between t of 2 and 3 was chosen as the nal mass value. Although this choice appears reasonable, it is not clear whether the data has actually reached a plateau at this point. It appears possible that the rate of growth in error bars may be obscuring a continued decline in the e ective mass. A large collection of masses were also calculated for other glueball states. The e ective mass plots again did not show clear plateaus. The nal masses in most other channels were therefore taken only as upper bounds.
To evaluate the continuum limit, m 0 ++ a in lattice units was divided by the square root of the string tension in lattice units p Ka. This ratio is expected to approach its continuum limit linearly in a 2 . A linear t was made to the ratios (m 0 ++ a)=( p Ka) as a function of Ka 2 . The conversion of mass ratios to MeV was done using an estimate of K in physical units of 440 MeV, based on a variety of indirect arguments. The value of m 0 ++ at of 6.4 was found to be about 50 MeV below the continuum limit of 1600 MeV. The mass at 6.4, 1550 50 MeV, was then quoted as the continuum limit with a additional systematic extrapolation error of 50 MeV. No estimate was given for the error associated with the choice of value of K.
An alternate way to obtain a continuum limit prediction for m 0 ++ is to t the ratio A calculation of the in nite volume continuum limit of glueball masses was also reported by the GF11 collaboration 37]. The lattice sizes and used are shown in Table 8 . such loops then give operators for the 0 ++ , 1 + and 2 ++ glueball. A correlation matrix among the operators with each set of quantum numbers for a range of N S and N L was evaluated at each time separation. E ective masses were determined from the diagonal terms in these matrices and intervals of smearing sizes and loop sizes found for which e ective mass plots showed clear plateaus. Figure 17 shows the e ective mass plot for the 0 ++ glueball at of 6.4 found for N S of 8 and N L of 9. A clearer plateau occurs here than in Figure 15 since the ensemble used for Figure 17 is about eight times larger. Similar plateaus in 0 ++ e ective masses were found for several other combinations of N S and N L for this value of and for the other values listed in Table 8 . A mass was extracted from the propagator of Figure 17 tting the time interval indicated. Masses were found in other channels similarly. An optimal mass was then found among the set of channels showing plateaus using a correlation matrix among these masses generated by the bootstrap method. Alternative ts using the full underlying propagator matrix gave statistically equivalent results. For the 2 ++ the e ective mass plateaus were weaker than those for the 0 ++ and below of 5.93 a clear signal could not be found. For the 1 + glueball an acceptable signal could not be found in any of the data sets of Table 8 . Figure 18 shows the masses found for The Liverpool-Wuppertal values for m 0 ++ at xed lattice spacing, and for the continuum limit both in units of (0) MS and in MeV are statistically consistent with the GF11 values. The GF11 values, however, appear to be more reliable because of the larger ensembles used and the resulting more clearly de ned e ective mass plateaus. The two well established 0 ++ states within any reasonable distance of 1740 71 MeV are f 0 (1590) and f 0 (1710). The rst of these is 2 standard deviations low thus f 0 (1710) appears to be favored.
A question which remains is why a valence approximation glueball calculation should be believed at all. A commonly held opinion is that the 0 ++ may mix strongly with quark-antiquark states and might be shifted by as much as 20% in going to full QCD. My guess, on the other hand, is that the mass shift due to mixing is likely to be less than 4%. A 0 ++ quark-antiquark state must have odd orbital angular momentum. The resulting angular momentum barier should tend to suppress the quark-antiquark annihilation required for mixing with chromoelectric eld. An estimate of the e ect on m 0 ++ of mixing with quark-antiquark states is given by the mass shift in quark-antiquark states, with nonzero orbital angular momentum, due to mixing with chromoelectric eld. In the valence approximation the isosinglet 2 ++ state f 2 (1270) and isovector 2 ++ state a 2 (1320) are exactly degenerate. In the real world, the f 2 mixes with glue and the a 2 does not. Thus the splitting between the f 2 and a 2 is the shift in the f 2 due to mixing. This splitting, and therefore the shift, is 43 5 MeV. Similar estimates can be made comparing h 1 (1170) with b 1 (1235), f 1 (1285) with a 1 (1260), ! 3 (1670) with 3 (1690), and perhaps also comparing f 0 (975) with a 0 (980) if these are quark-antiquark states rather than kaon molecules. The splittings between these pairs range from 9 3 MeV to 60 20 MeV. Thus it seems to me reasonable to guess that the shift in the mass of the 0 ++ glueball due to mixing with quark-antiquark states will be less than about 60 MeV, which is 3.4%.
The other possible source of error in the valence approximation to the 0 ++ mass arises from virtual quark-antiquark loops contributing more than just a shift in the e ective chromoelectric charge. This same error, however, is present in the valence approximation to the masses of hadrons composed of quarks and antiquarks. The e ect of this error on low-lying hadron masses, discussed in Sect. 4.1, is less than 6%. This error combined with the e ect of mixing could decrease 1740 71 MeV enough to make it consistent with f 0 (1590). The f 0 (1710) would still appear to be favored.
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